Introduction. Metals are ubiquitous soil, air, and water pollutants. A mixture of arsenic cadmium and lead, in particular, has commonly been found in the vicinity of smelter areas. The mixture of As-Cd-Pb has been shown to be carcinogenic, and transforming potential and oxidative stress have been proposed as principal mechanisms involved in this process. The aim of this work was to explore the role of the antioxidant barrier in the establishment of cell transformation upon chronic exposure to a metal mixture containing 2 µM NaAsO 2 , 2 µM. CdCl 2 , and 5 µM Pb(C 2 H 3 O 2 ) 2 ·3H 2 O in WRL-68 cells-a non-transformed human hepatic cell line. Material and methods. In this study, we used a WRL-68 cell model of human embryonic hepatic origin treated with antioxidant inhibitors (L-Buthionine-sulfoxamine and aminotriazole) to test the role of the antioxidant barrier in the establishment of cell transformation upon chronic exposure to a metal mixture of As-Cd-Pb (2 µM NaAsO 2 , 2 µM CdCl2 and 5 µM Pb(C 2 H 3 O 2 ) 2 ·3H 2 O). We evaluated oxidative damage markers, including reactive oxygen species, lipid peroxidation, and genotoxicity, as well as antioxidant response markers, including glutathione concentration, catalase activity, and superoxide dismutase activity, wich promote morphological transformation, which can be quantified by foci formation. Results. As expected, we found an increase in the intracellular concentration of the metals after treatment with the metal mixture. In addition, treatment with the metal mixture in addition to inhibitors resulted in a large increase in the intracellular concentration of cadmium and lead. Our results describe the generation of reactive oxygen species, cytotoxicity, genotoxicity, and oxidative damage to macromolecules that occurred exclusively in cells that were morphologically transformed upon exposure to a metal mixture and antioxidant barrier inhibition. Conclusion. Our results show the importance of the antioxidant barrier role in the protection of cellular integrity and the transformation potential of this metal mixture via free radicals.
INTRODUCTION
Arsenic (As), cadmium (Cd) and lead (Pb) are ubiquitous air and water pollutants that continue to threaten the quality of public health around the world. Exposure to complex mixtures of metals in the workplace or environment is more likely to occur than exposure to a single metal alone. 1 These three metals share several common mechanisms by which they exert their toxicities. In addition, stress proteins and antioxidant enzymes have been proposed to provide common protective cellular mechanisms against element-induced toxicities when they occur on an individual basis. 2 Furthermore, these metals have been included in the list of the top ten hazardous substances and are proposed as one of the mixtures for which interaction profile studies will be completed by the Agency for Toxic Substances and Disease Registry (ATSDR). 3 As and Cd have been classified as carcinogens and Pb has been classified as a possible carcinogen by the International Agency in Research of Cancer (IARC). 4 Metals are associated with a multitude of adverse health effects, such as cancer, hepatotoxicity, nephrotoxicity, and neurotoxicity. 5 Some potential mechanisms involve the direct interaction of the metal with DNA or modification of DNA repair, DNA methylation status, and metabolic processes involved in DNA replication and expression. [6] [7] [8] [9] [10] [11] [12] However, as a result of recent studies from a number of laboratories, oxidative stress is thought to play a major role in the development of As, Cd and Pb-related adverse health effects. 2, 13, 14 As, Cd and Pb generate reactive oxygen species (ROS) in the form of superoxide (O2 •-), singlet oxygen ( 1 O 2 ), the peroxyl radical (ROO • ), nitric oxide (NO • ), hydrogen peroxide (H 2 O 2 ), the dimethylarsinic peroxyl radical ([(CH3)2AsOO • ]) and the dimethylarsinic radical [(CH3)2As • ]. 15, 16 In addition, Cd treatment can cause iron replacement in some enzymes, and the accumulation of iron molecules reacts with H 2 O 2 to produce hydroxyl radicals (HO • ). 16, 17 ROS-generating mechanism of Pb is mediated by delta-aminolevulinic acid dehydratase (δ-ALAD) inhibition, which provokes the accumulation of delta-aminolevulinic acid (δ-ALA) 16, 18 Defense against xenobiotic toxicity, which is composed of many types of antioxidants, is well characterized in mammals. 19, 20 We report here our study of the role of oxidative damage (and its modulation) in events evoked by the As-Cd-Pb metal mixture, in which we analyze the involvement of two preventive antioxidant compounds (catalase and glutathione) and their inhibitors in the modulation of the transformation process.
The hepatic cell line WRL-68 is a non-transformed human embryonic cell line that presents a morphological structure that is similar to hepatocytes and hepatic primary cultures. Derived from the fetal liver, WRL-68 preserves the activity of several characteristic liver enzymes and antioxidant efficient, providing an in vitro model to study the toxic effects of xenobiotics. 21 In a previous report, using a two-step cell transformation model exposed to this metal mixture, we found an increase in the level of damage markers and the antioxidant response, a loss of cell viability and an elevation in the transforming potential. Cotreatment with N-acetyl-cysteine reduces the transforming capacity, suggesting the participation of oxidative stress in the transformation process. 22 The aim of this work was to explore the role of the antioxidant barrier in the establishment of cell transformation upon chronic exposure to a metal mixture containing 2 µM NaAsO 2 , 2 µM CdCl 2 , and 5 µM Pb(C 2 H 3 O 2 ) 2 ·3H 2 O in WRL-68 cells-a non-transformed human hepatic cell line.
MATERIAL AND METHODS

Chemical reagents
Dulbecco's modified Eagle's medium (D-MEM), antibiotic/antimicotic, MEM, non-essential amino acids, and fetal bovine serum were obtained from Gibco-Mexico. Sodium m-arsenite, L-buthioninesulfoxamine (BSO), 3-amino-1,2,4-triazole (3-ATZ), 2-thiobarbituric acid, O-phthalaldehyde (OPT), ethidium bromide (Et-Br), fluorescein diacetate (FDA), rhodhamine-123, xanthine, xanthine oxidase, EDTA, nitro blue tetrazolium (NBT), sodium carbonate (Na 2 Co 3 ), cupric chloride (CuCl 2 2H 2 O), normal agarose, and low melting point agarose were purchased from Sigma-Aldrich (St. Louis, MO, USA). Cadmium chloride was purchased from Mallinckodt-Paris, lead acetate was from J.T Baker-Mexico, hydrogen peroxide (H 2 O 2 ) was from Merck-Mexico, and bovine serum albumin was from USB Corporation-USA.
Cells, culture conditions, and exposure to the As, Cd, Pb mixture WRL-68 is a non-transformed human hepatic cell line that is derived from the fetal liver and has a morphological structure that is similar to hepatocytes.
Cells were grown and maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 1% non-essential amino acids, 100 U/mL penicillin and 100 µg/mL streptomycin. Cells were incubated at 37°C and 5% CO 2 . Approximately 5 x 10 4 cells/plaque were plated in 6-well culture plates and cultured reach to 80% confluency.
Four experimental groups were evaluated: an untreated group, a control group (C), which was cultivated as described above but with replacement of the maintenance medium every 72 h; a group (M) treated with the metal mixture (2 µM NaAsO 2 , 2 µM CdCl 2 and 5 µM Pb(C 2 H 3 O 2 ) 2 ·3H 2 O) every 72 h at a concentration that is equivalent to that for occupational exposure; 23,24 a group (I) treated with a mixture of chemical inhibitors, including 1 mM L-buthionine-S,R-sulphoximine (BSO) (inhibitor of GSH synthesis), and 1.66 mM 3-aminotriazole (ATZ) (catalase inhibitor), which was applied for 2 h and repeated every 72 h; and a group (M + I) treated with the metal mixture and the mixture of antioxidant inhibitors every 72 h. Subcultures were treated every 5 days for 25 days of total treatment.
Measurement of the intracellular concentration of As, Cd, Pb
The intracellular quantification of metals was determined by atomic absorption spectrophotometry. For As, the samples were digested and analyzed using the hydride evolution technique with a Perkin-Elmer 3110 atomic absorption spectrometer. 25 Cd and Pb levels were determined using graphite furnace analyses with a Perkin-Elmer 2380 atomic absorption spectrophotometer. These methods detect the total metal concentration in the sample.
Cell viability
Cell viability was measured using the metabolic dual stain FDA method, as described by Hartmann and Speit. 26 Briefly, cells were mixed with a fluorochrome solution containing 0.02 µg/µL Et-Br and 0.015 µg/µL of FDA. The cells were then analyzed under a fluorescence microscope (Olympus BMX-60 with a UM61002 filter). Dead cells appeared red in color, and live ones appeared green. One hundred randomly chosen cells per condition were evaluated, and the results are expressed as percentages. All of the experiments were conducted in triplicate.
Detection of reactive oxygen species
This technique is based on the oxidation of dihydrorhodamine-123 to rhodamine-123 by reactive oxygen species. 27 Briefly, aliquots of 100 µL of the harvested samples (approximately 1 x106 cells) were centrifuged at 1,200 rpm for 5 min. Next, the supernatant was poured off, and 180 µL of buffer A (140 mM NaCl, 5 mM KCl, 0.8 mM MgSO4·7H2O, 1.8 mM CaCl2, 5 mM glucose, 15 mM HEPES) and 20 µL of dihydrorhodamine-123 (1 mM) were added. The samples were placed in a 96-well plate and read in a microplate reader (Biorad) at 505 nm. The results were interpolated from a standard curve of 0-10 µM rhodamine-123 in buffer A.
Determination of catalase activity
Catalase activity was measured according to the protocol described by Aebi. 28 Briefly, cells (approximately 1X10 6 cells) were washed two or three times with sterile PBS containing protease inhibitors. The cells were sonicated for 10 cycles of 10 seconds at an amplitude of 20 MHz. After sonication, the cells were centrifuged at 10,000 rpm for 5 min at 4 o C. The supernatant was used to determine the catalase activity and protein concentration. The catalase activity was determined by reading the absorbance at 240 nm at room temperature, adjusting to zero with 50 mM phosphate buffer. H 2 O 2 (500 µL of 20 mM) was added to 100 µL of supernatant and 400 µL of 50 mM phosphate buffer, and the absorbance was measured at 15 seconds and 30 seconds.
Determination of superoxide dismutase activity
Superoxide dismutase activity was measured following the protocol described by Sun, et al. 29 This method is based on the competition between superoxide dismutase and tetrazolium blue for the superoxide radicals formed by the xanthine oxidase system. The cells were sonicated and centrifuged at 10,000 rpm for 10 min at 4°C. Then, 200 µL of the supernatant was divided into two tubes with 1.85 mL of reaction mix (0.265 mM xanthine, 0.53 mM EDTA, 0.1325 mM NBT, 883 mg/mL albumin, 353 mM Na2CO3). To one tube, 50 µL of 50 mM phosphate buffer (blank) was added; to the other tube, 50 µL of 2-2.5 U/mL xanthine oxidase (sample) was added. These samples were incubated for 15 min. Next, 500 µL of CuCl 2 was added to quench the reaction. An aliquot of 200 µL of these samples was added to a 96-well microplate, and the absorbance was measured at 560 nm (A). The units of SOD were calculated as follows:
Lipid peroxidation (Lpx)
The thiobarbituric acid method was used to measure the concentration of malondialdehyde (MDA). 30 A 100 µL aliquot (approximately 1 x 10 6 cells) was added to 100 µL of trichloroacetic acid (10% w/v) and centrifuged at 3,000 x g for 10 min. The supernatant was then added to 1 mL of thiobarbituric acid reagent (0.375%), and the mixture was heated at 92°C for 45 min. The absorbance of the thiobarbituric acid-MDA complex was measured at 532 nm using an ELISA spectrophotometer (Bio-Rad Model 550). Data were interpolated onto a concentration curve of 1,1,3,3-tetraethoxypropane ranging from 0 to 10 nM.
Comet assay
Ten microliters of the cell suspension (1-1.5 x 10 4 cells) was mixed with 75 µL of a 0.5% LMP agarose
solution (0.36% final) and loaded onto microscope slides pre-layered with 150 µL of 0.5% normal melting point agarose. The Comet assay was performed as described by Vega, et al. 31 Briefly, after incubation with lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10, supplemented with 10% DMSO and 1% Triton X-100) at 4°C for at least 1 h, the slides were placed in a horizontal electrophoresis chamber containing running buffer (300 mM NaOH, 1 mM EDTA, pH > 13). The slides remained in the electrophoresis buffer for 10 min to allow the DNA to unwind. Electrophoresis was performed for 10 min at 300 mA and 25 V (~0.8 V/cm), and all of the technical steps were conducted using very dim indirect light. After electrophoresis, the slides were gently removed and rinsed with neutralization buffer (0.4 M Tris, pH 7.5) at room temperature for 15 min. The slides were dehydrated with 100% ethanol for 15 min and air dried. Ethidium bromide (20 µL of a 0.2 µg/mL solution) was added to each slide, and a coverslip was placed on the gel. Individual cells were visualized at 20x magnification using an Olympus BX-60 microscope with fluorescence attachments (515-560 nm excitation filter, 590 nm barrier filter). Images were digitized and analyzed using KOMET v.31 software (Kinetic Imaging), and the Olive tail moment (OTM) parameter was used to evaluate DNA damage (200 cells were scored for each condition).
In vitro evaluation of cell transformation
Cell transformation was evaluated according to the morphologic parameters of the IARC/NCI/EPA Working Group. 32 Transformed foci were scored according to the following criteria, which discriminate these foci based on four morphological characteristics:
• Diameter > 2 mm.
• Deep basophilic staining.
• Dense multi-layering of cells, and • Random orientation of cells at the edge of the foci. 33 ,34
Assay of anchorage-independent cell growth
The anchorage-independent growth of hepatocytes was monitored using the soft agar colony formation assay a selective test to evaluate the cell transformation capacity. Disaggregated cells (1 x 10 4 ) were plated in six-well plates containing 0.3% Noble agar in DMEM with 10% FBS and incubated at 37°C and 5% CO 2 . Colonies were evaluate after 14 days, fixed with 70% ethanol, and stained with Coomassie Blue. 35 
Statistical analysis
Results are expressed as means ± standard error (SE). The statistical significance between the experimental groups and the control group was calculated by analysis of variance (ANOVA) with Bonferroni correction, and post hoc analysis was performed between groups. P-values of < 0.05 were considered to be significant. All analyses were performed using the statistical software Sigma Stat (V).
RESULTS
Intracellular metal quantification and cellular viability in WRL-68 cells subjected to several treatments
The metals were present at a very low intracellular concentration in cells treated with the inhibitor mixture (group I) throughout the treatment period, similar to the control cells (group C) ( Table 1) . In contrast, cells treated with the metal mixture (group M) and the metal mixture plus inhibitors (group M + I) showed an increase in their intracellular metal concentration, with a significant accumulation of Pb in group M + I after 25 days of treatment (Table 1) . Cell viability remained constant at over 90% in all groups during the 25 days of treatment, except at day 5 in group M+I, in which a loss in cell viability was observed, representing clonal selection of cells exposed to this treatment and suggesting an initiation phase for the cell transformation process (Table 1) .
Chemical inhibition of antioxidants
We observed a decrease in the concentration of GSH in group I and an increase in GSH in group M as compared to group C ( Figure 1A) . The percentage of SOD activity for the experimental groups had a similar trend to that for group C until day 15; a significant increase was induced by all treatments on day 25, and this increase was exacerbated in group M + I ( Figure 1B) . The percentage of CAT activity was constantly inhibited by all treatments during the first 15 days and reached a similar activity to that of group C after 25 days ( Figure 1C ). 
Evaluation of reactive oxygen species and molecular target effects
We observed an increase in the ROS concentration on days 15 and 25 in group M + I, while the remaining groups did not show an induction of ROS (Figure 2A ). Lipid peroxidation significantly increased in group M + I on days 15 and 25 ( Figure  2B ). DNA strand breaks, assessed using the alkaline comet assay, were induced in group M + I at all treatment times ( Figure 2C ). It is worth noting that we also observed DNA damage in group M at 5 and 25 days of treatment.
Induction of cell transformation
Cell transformation was observed as morphological changes in group M + I. We observed the formation of foci from day 15 of culture using Giemsa staining, with a mean of 84 ± 21.58 foci per flask. However, we did not observe the formation of any foci in groups C, M, or I ( Figure 3A and 3B) . To confirm the morphological transformation state, the cells were cultured in soft agar, and the cells treated with M + I were able to grow under this condition ( Figure 3C ).
DISCUSSION
Mixtures of metals, such as As, Cd and Pb, are widely distributed in the environment as a result of human activities. These three elements are among the top ten substances in the priority list of hazardous substances of the Superfund of the United States. 36 In most cases, these metals exist together and are among the first binary combinations of contaminants in soil and water. 37 Therefore, most human populations are chronically exposed to these elements as a mixture. Accordingly, it is important to investigate the possible mechanisms of carcinogenicity of the As-Cd-Pb mixture as well as the participation of antioxidant molecules in the process of cell transformation associated with exposure to this mixture. Currently, these mechanisms are not fully understood.
After the treatment of cells with the As-Cd-Pb mixture, we observed an increase in the intracellular concentration of these metals in group M, while in group M + I, we observed a large increase in the concentration of intracellular Pb compared to group M. This effect has been reported previously; 38 however, there are different theories to explain it. Kowaltowski, et al. 39 showed that 3-aminotriazole inhibits catalase and metallothionein and activates some Pb and Cd protein transporters as a result of the increase in metal absorption. However, Doroshenko and Doroshenko 40 and Lee, et al. 41 proposed an increase in calcium influx that is dependent on L-type Ca 2+ channels and induced by oxidative stress due to GSH depletion. Additionally, Hinkle, et al. 42 and Lou, et al. 43 discussed the activity of calcium transporters and anion exchangers when metal absorption is increased. Further studies are needed to clarify which of these mechanisms is responsible for the intracellular increase in Pb in the presence of antioxidant inhibitors. An imbalance between oxidants and antioxidants, which can cause oxidative stress, is thought to underlie metal carcinogenicity. 16 Increasing evidence exists for the attenuation of individual antioxidant defense mechanisms during tumor development. Reiners, et al. 44 reported a significant decrease in SOD, catalase and glutathione peroxidase activities in SENCAR mouse skin following exposure to TPA. The specific activities of SOD and catalase in papillomas and carcinomas generated using an initiationpromotion protocol were also found to be similarly depressed compared to those in normal skin. Furthermore, the promotion and progression of skin tumors in different strains of mice were shown to correlate with oxidative events and DNA damage. 45 Data in the literature suggest that the modulation of catalase activity may be mechanistically involved in the deregulation of signaling cascades during tumor promotion-progression, with pathways regulated by the trans-activation of AP-1, NF-κB and CREB being significantly impacted. 46 However, the attenuation of GSH generates oxidative stress and subsequently leads to the induction of JNK/SAPK and p38 MAPK, which are necessary components of the cellular defense program against cytotoxic xenobiotics. 47 Therefore, it is possible that a sustained reduction in glutathione levels facilitated the emergence of a xenobiotic-resistant, malignantly transformed phenotype upon repeated treatments with xenobiotic agent. An interesting observation was the increase GSH concentration upon metal treatment. This result is paradoxical because the GSH content should decrease following exposure to pro-oxidant metals due to consumption. However, many studies have focused on the transcriptional regulation of enzymes to synthesize GSH. NFκB, Sp-1, AP-1, activator protein-2 (AP-2), metal response elements (MRE), and antioxidant response elements (ARE) have been identified in the human gammaglutamate cysteine ligase (GCL) promoter. Many studies have identified a proximal AP-1 element (-263 to -269) as a critical mediator of the oxidative stress-induced increase in human GCL transcription. Moreover, the activation of the ARE pathway could explain why xenobiotics cause an increase in the GSH concentration as a first response. 48, 49 In addition to the diminution in antioxidant levels, ROS, lipid peroxidation and genotoxicity were consistently found in cells treated with both metals and inhibitors over time. Considering that DNA damage was present during all treatment times ( Figure 2C ), we suggest that the DNA repair system may have been impaired by the metal mixture treatment, in addition to the observed genotoxicity; these effects have also been observed in other studies. 11, 50 An increase in oxidative stress markers, such as ROS and lipid peroxidation, were observed uniformly over time in cells treated with both metals and inhibitors (Figure 2 ). Inactivating the antioxidant machinery with 3-AT and BSO may resulted in increased levels of ROS in metal-treated cells and, subsequently, enhanced lipid peroxidation and genotoxicity. The enhancing effect of 3-AT on genotoxicity induced by exposure to cadmium at low concentrations (1-2 µM) has been suggested to be partially due to a higher intra-cellular concentration of cadmium as a result of 3-ATZ; however, the authors did not observe the same pattern when performing the same experiments with lead. 46 In this scenario, the M+I treated cells presented morphological alterations; they lost their hepatic cell characteristics. It is worth noting that cells chronically treated with the metal mixture at nanomolar concentrations for more than 4 months did not show any morphological changes (data not shown). To determine whether the morphological changes induced by exposure to the metal mixture were related to transformation, we evaluated the capacity of these cells to grow in anchorage-independent conditions. Anchorage independence is believed to be one step in the multi-step process of the neoplastic transformation of human fibroblasts, and it has proven to be a particularly attractive endpoint for transformation studies; 38 however, the biochemical changes of cells with anchorage-independent phenotypes are not yet fully understood. Several studies have suggested that anchorage independence results from a mutational or epigenetic event because the acquired anchorage-independent phenotype is a permanent characteristic of the cells. 51, 52 Moreover, some reports link the use of antioxidant inhibitors with an enhancement of anchorage independence. For instance, 3-ATZ has been reported to significantly enhance cadmium-induced anchorage independence and cytotoxicity in diploid human fibroblasts HFW, thus supporting the notion that ROS is involved in cadmium genotoxicity; 38, 53 this increase in metal uptake by 3-ATZ does not occur at high cadmium-treatment doses (10 mM). In contrast, 3-ATZ neither affects lead-induced anchorage independence and cytotoxicity nor induces the weak mutagenicity of lead, even though 3-ATZ does enhance lead uptake and accumulation in HFW cells.
CONCLUSION
In our study, we established a model that is sensitive to cell transformation using human cells, which could be useful tool for the study of chemical carcinogenesis. Moreover, in this model we showed the cell transforming effect of metal mixture (As-CdPb) at concentrations equivalent to those reported for occupationally exposed individuals. We also demonstrated that the balance between the antioxidant status and oxidant insult generated by the mixture of metals plays a pivotal role in the process of cell transformation. In general our findings could provide new insights in the field such as the use of different antioxidant parameters as a risk associated biomarkers and interventional design studies of the population exposed to these metals.
